The roles of P21-activated kinase (PAK) 
Introduction
GFP-xPAK1 exhibits only cytosolic localization within migrating growth cones (Fig. 1C) .
On the other hand, GFP-xPAK2 targets robustly to both PCs and to the tips of extending filopodia (Fig. 1D, G) . Differences in the distribution of human versus Xenopus PAK isoforms may be due to sequence differences between species (Bisson et al., 2003) .
Interestingly, in contrast to xPAK1 and 2, GFP-xPAK3 targets exclusively to growth cone PCs and does not localize to filopodial tips (Fig. 1E, H) . As a direct binding partner of PAK, PIX should also target to paxillin containing adhesion sites. To test this we expressed GFP--PIX together with PXN-mCh. We find that GFP--PIX localizes with PXN-mCh in growth cone adhesion sites but not at the tips of filopodia (Fig. 1F ). While we have no antibodies that work well by ICC, we can conclude from our combined Western blot and live localization studies that endogenous PAK and PIX isoforms likely exhibit distinct distributions within motile growth cones.
To assess whether the distribution of PAK isoforms was similar in mammalian neurons compared to Xenopus, we immunolabeled for PAK1-3 in developing mouse neurons (Supp. Fig. 1 ). Dissociated neurons from mouse hippocampus (Supp. Fig. 1A -C) and cortex (Supp. Fig. 1D -F) were labeled with antibodies to specific PAK isoforms.
Interestingly, we observe activated PAK1 (P-Thr423) targets to growth cone filopodial tips (Supp Fig. 1A, D) , while PAK2 targets to the leading edge of the lamellipodia (Supp. Fig. 1C, F ). However, it should be noted that without additional adhesion markers, it is difficult to determine with certainty which PAK isoforms target to PCs.
Acute PAK inhibition has dose-dependent effects on growth cone motility and morphology
To begin to examine how PAK activity may influence growth cone motility, we used PAK18, a cell-permeable peptide inhibitor of PAK function (Maruta et al., 2002; Zhao et al., 2006) . PAK18 is composed of the TAT internalization peptide sequence fused to 18 amino acids from the PIX-interacting motif of mouse PAK3. This peptide is believed to inhibit PAK function by disrupting PAK-PIX interactions (Maruta et al., 2002) .
The amino acid sequence of PAK18 is 72%, 89% and 94% identical to Xenopus PAK1-3, respectively and all substitutions are with conserved amino acids in xPAK2 and 7 Journal of Cell Science Accepted manuscript xPAK3. First we tested the dose-dependent effects of PAK18 on axon outgrowth by time-lapse microscopy. Unexpectedly, a low concentration of PAK18 (1 µM) applied acutely to spinal neurons on LN strongly stimulates lamellipodia and filopodia protrusion ( Fig. 2A ,E-F; Supp. Movie 1 and 2), leading to an immediate and robust expansion of growth cone area (Fig. 2G ) and prolonged acceleration in the rate of neurite outgrowth ( Fig. 2A,D) . Both the area of lamellipodia expansion (Fig. 2G) , as well as the total number and length of filopodia increase in the presence of 1 µM PAK18 ( Fig. 2H ; Supp.
Movie 2). In contrast, a reversed PAK18 control peptide (see methods), had no effect on neurite outgrowth at any dose (Supp. Fig. 2 ).
While higher concentrations of PAK18 (10-50 µM) also stimulate an immediate increase in growth cone area (Fig. 2B ,C,G; Supp. Movie 1), this concentration only briefly enhanced outgrowth (Fig. 2D ). Instead, after 5-10 min in 10-50 µM PAK18, axons typically stall or retract (Fig. 2C ). This result suggests that a modest inhibition of PAK is optimal for outgrowth, while strong inhibition of PAK negatively regulates outgrowth. While off target effects of PAK18 are possible, our evidence (below) suggests that 1-50 µM PAK18 results in a dose-dependent inhibition of PAK function.
Notably, the rate of neurite outgrowth and growth cone area are inversely correlated, which is consistent with growth cone behavior seen in vitro and in vivo (Godement et al., 1994; Sretavan and Reichardt, 1993) . Interestingly, axon extension was not stimulated by any concentration of PAK18 when neurons were cultured on the non-integrin binding substratum, PDL (Fig. 2D ), although we did observe a slight increase in growth cone protrusion at 10 µM PAK18 (Fig. 2E ). These results suggest that changes in integrin dependent adhesion or signaling may contribute to enhanced growth cone motility on LN.
We also tested the effects of chronic PAK inhibition by culturing spinal neurons overnight in PAK18. After 16 hrs in culture, spinal explants in control media generate an average of 6.2±1.1 neurites per explant with an average length of 89.7±5.9 µm (Supp. Journal of Cell Science Accepted manuscript 3B), suggesting that PAK18 also stimulates neuronal cell motility. Taken together, these results show that partial disruption of the PAK-PIX interaction with PAK18 promotes an immediate and sustained increase in neurite outgrowth.
PAK18 inhibits PAK-dependent targets to regulate actin polymerization and retrograde flow
PAK regulates a number of downstream targets known to modulate the cytoskeleton and influence cell membrane protrusion and motility (Bokoch, 2003) . For example, PAK can regulate leading edge protrusion through actomyosin contractility or ADF/cofilin-mediated actin depolymerization. PAK can both increase (via direct phosphorylation of myosin light chain (MLC) and decrease (by inhibition of MLC kinase) myosin-II driven actin contractility (Bokoch, 2003) . In addition, active PAK reduces ADF/ cofilin-mediated actin depolymerization by phosphorylating LIM kinase (LIMK). Active LIMK phosphorylates and inactivates ADF/cofilin to reduce its binding to F-actin, thus inhibiting actin severing. Therefore, PAK may control growth cone motility by regulating myosin-II driven F-actin contractility and ADF/cofilin induced F-actin depolymerization.
To determine how disrupting PAK-PIX interactions modulates PAK targets, we first measured the levels of phosphorylated Xenopus ADF/cofilin (p-XAC) and myosin light-chain (p-MLC) in response to 1, 10 and 50 µM PAK18 by quantitative immunocytochemistry (ICC) (Fig. 3A-J) . We measured the level of p-XAC (direct target of LIMK) and p-MLC in growth cones after 5 min treatment with PAK18. We found that PAK18 reduces the levels of p-XAC in growth cones in a dose-dependent manner ( Fig. 3A-E), further indicating that this peptide inhibits PAK function. To confirm that reduced p-XAC was not the result of increased growth cone area, we also measured total protein content in growth cones treated with PAK18 ( Supp Fig. 4 ). Despite the morphological changes that accompany PAK18 stimulation, the growth cone total protein content remained constant at all doses (Supp. Fig. 4A '-D',F), while the ratio of p-XAC / total protein decreased in a dose-dependent manner (Supp. Fig. 4A '''-D''',G). It is noteworthy that 1 µM PAK18, which strongly stimulates axon outgrowth, only modestly reduces p-XAC, whereas higher levels of PAK18 strongly reduce p-XAC and inhibit outgrowth . This is consistent with the notion that balanced ADF/cofilin activity is necessary 9 Journal of Cell Science Accepted manuscript for optimal axon outgrowth and slight variations across a growth cone can promote attractive or repulsive turning (Marsick et al., 2010) . On the other hand, p-MLC levels were strongly reduced at 1 µM PAK18, with modest further loss at higher levels of PAK18 ( Fig. 3F-J) . As with the p-XAC staining, we measured the total protein content in growth cones after PAK18 stimulation to ensure that the changes reflected by PAK18 stimulation were not due to changes in growth cone morphology (Supp. Fig. 5 ).
Since active ADF/cofilin is known to depolymerize F-actin, we examined the relative levels of monomeric actin (G-actin) versus filamentous actin (F-actin) after treatment of 1, 10 and 50 µM PAK18. Neurons treated for 5 min with PAK18 were colabeled for G-actin using Alexa Fluor 488 DNase I and F-actin with Alexa Fluor 546 phalloidin ( Fig. 3K-P) . Because DNase I binds actin monomers with high affinity relative to actin filaments (Hitchcock, 1980) , while phalloidin only binds F-actin, we compared the relative abundance of both labels to assess the state of growth cone actin (Marsick et al., 2010) . At 1 µM PAK18, we observed only a modest increase in the G/F actin ratio in growth cones (Fig. 3L ,O,P), while at higher PAK18 concentrations we observed a significant increase in G-actin labeling and an increase in the G/F-actin ratio ( Fig. 3M-P ). Together these results suggest that enhanced outgrowth at low PAK18 is due to modest changes in G/F actin coupled with strong inhibition of myosin-II, whereas inhibition of outgrowth at high PAK18 is due to ADF/cofilin-mediated actin depolymerization.
If PAK18 inhibits myosin-II, we expect retrograde actin flow to be reduced.
Retrograde actin flow is a process where actin filaments are drawn rearward due to the pulling force of myosin motors combined with the pushing force of polymerizing actin filaments against the plasma membrane (Dent et al., 2011; Lowery and Van Vactor, 2009 ). To examine whether PAK18 modulates retrograde F-actin flow, we labeled live neurons with tetramethylrhodamine-conjugated kabiramide-C (TMR-KabC, (Petchprayoon et al., 2005; Tanaka et al., 2003) ). TMR-KabC is a small, cell permeable molecule that binds to the barbed end of polymerizing actin filaments and has been used previously at low doses to track the rearward flow of actin filaments (Keren et al., 2008; Santiago-Medina et al., 2011) . To label the plus ends of actin filaments, we treated neurons for 3 min with 3 nM TMR-KabC, which rapidly labels neurons, but does 10 Journal of Cell Science Accepted manuscript not affect the basal rate of neurite outgrowth or growth cone morphology (not shown).
Immediately after TMR-KabC labeling, we imaged growth cones on LN at 2 s intervals by TIRF microscopy for 5 min before and after PAK18 stimulation (Figure 4A ,C; Supp.
Movie 3). In control conditions the rate of retrograde flow on LN is ~10.6 µm/min ( Figure 4B ,E), which is consistent with previous measurements (Chan and Odde, 2008; Marsick et al., 2010) . However, upon treatment with PAK18, we observe an immediate reduction in the rate of retrograde flow ( Figure 4D ,E), consistent with the inhibition of PAK-mediated myosin-II activity by PAK18. It is interesting to note that we observe similar rates of retrograde flow after 1 µM and 10 µM PAK18 ( Figure 4E ), which is consistent with similar p-MLC labeling at these doses of PAK18 ( Figure 3G -H,J). These results further suggest that the inhibitory effects of PAK18 on axon outgrowth is due to the strong activation of ADF/cofilin at 10 µM ( Figure 3C ,E).
PAK regulates growth cone point contact formation and turnover
PAK regulates focal adhesion formation and turnover in crawling cells through phosphorylation of Serine 273 of paxillin (S273-PXN), which requires binding of the PAK-PIX complex to paxillin through GIT (Brown et al., 2002; Deakin and Turner, 2008; Nayal et al., 2006; Turner et al., 1999) . Since growth cone motility is tightly linked to adhesion dynamics (Marsick et al., 2012; Robles and Gomez, 2006; Santiago-Medina et al., 2011; Woo and Gomez, 2006; Woo et al., 2009 ) and modulating PAK function has dose-dependent effects on outgrowth (Fig. 2) , we asked whether PAK18 also influences growth cone PCs. To first test the effects of PAK18 on endogenous PCs, we stimulated growth cones with varying concentrations of PAK18 and immunolabeled for phosphorylated Y118-PXN (Fig. 5A-G ).
pY118-PXN is an excellent marker for mature adhesions (Deakin and Turner, 2008; Zaidel-Bar et al., 2007) , which we have previously demonstrated to label Xenopus growth cone PCs (Robles and Gomez, 2006) . Using particle analysis of thresholded ICC images, we find a dose-dependent increase in PC number, size and total intensity within growth cones treated with PAK18 ( Fig. 5A-G) . These results suggest that PAK18 promotes PC assembly and may reduce point contact turnover at high concentrations.
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To directly test whether PAK18 regulates adhesion formation and turnover, we performed time-lapse TIRF imaging of paxillin-GFP (PXN-GFP) in living growth cones on LN during stimulation with PAK18 ( Fig. 5H-M) . We find that acute treatment with 1 µM PAK18 stimulates the rapid assembly of new PCs and accelerates PC turnover ( Fig.   5H-I ; Supp. Movie 4). As the increase in the number of PCs/growth cone exceeds the expanded growth cone area, there is a greater than 50% increase in PC density (3.9±0.3 adhesions/100 µm 2 pre-PAK18 vs. 6.5±0.3/100 µm 2 post-PAK18), which is also apparent in immunolabeled images (Fig. 5A-D) . Moreover, at 1 µM PAK18, new PCs have a shorter adhesion lifetime (Fig. 5L ). Other characteristics of point contacts, such as size and shape do not significantly change in presence of 1 µM PAK18. In contrast, while treatment with 10 µM PAK18 also stimulates the assembly of new PCs, these adhesions have a significantly longer lifetime and often cluster into larger aggregates, suggesting they are more mature adhesions ( Fig. 5J -K,M; Supp. Movie 5). Interestingly, the biphasic effects of PAK18 on adhesion lifetime correlates with the effects we observe on the rate of axon outgrowth and are consistent with previous findings that rapid turnover of PCs is associated with fast axon outgrowth Robles and Gomez, 2006; Woo and Gomez, 2006) . The dose-dependent effects of PAK18 may be due to a partial displacement of PAK from PCs, as well as effects on actin polymerization and myosin activity.
To directly assess the effects of PAK18 on PAK localization to PCs, we imaged growth cones expressing both PXN-GFP and mCH-PAK3 during stimulation with 10 µM PAK18 ( Fig. 6 ; Supp. Movie 6). Prior to PAK18 treatment, PAK3 targets to PXNcontaining PCs with a short delay and typically dissociates from PCs before PXN is lost (Fig. 6A,C) , suggesting that PAK has a transient function at adhesions. However, in the presence of 10 µM PAK18, the amount of PAK3 targeting to PXN based adhesions is reduced significantly (Fig. 6E ) and the time PAK3 associates with PXN is shortened dramatically relative to long PXN adhesion lifetime. Although less PAK3 targets to PCs in the presence of PAK18, low levels of PAK3 remain at PCs longer (Fig. 6F) , suggesting that increased paxillin lifetime is sufficient to target PAK3 to adhesions.
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Serine 273 Paxillin phosphorylation regulates adhesion dynamics and growth cone motility PAK regulates focal adhesion formation and turnover in part through phosphorylation of S273-PXN in crawling cells (Nayal et al., 2006) . Because of the robust effects of PAK18 on PC dynamics (Fig. 5-6 ), we reasoned that phosphorylation of S273-PXN may modulate PC turnover to regulate growth cone motility. To examine the role of S273-PXN phosphorylation by PAK, we imaged adhesion dynamics and motility of growth cones over-expressing either phosphomimetic (S273D-PXN-GFP) or nonphosphorylatable (S273A-PXN-GFP) paxillin (Fig. 7) . We first examined the effects of S273D-PXN on baseline adhesion dynamics and growth cone motility. Consistent with the effects of phosphomimetic paxillin on focal adhesions and fibroblast migration (Nayal et al., 2006) , we find that growth cones expressing S273D-PXN-GFP have shorter PC lifetimes ( Fig. 7B ) and increased motility compared to wild-type neurons (Fig. 7C ). This result suggests that increasing adhesion turnover with S273D-PXN is sufficient to modestly accelerate neurite outgrowth. We also tested the effects of the non-phosphorylatable, S273A-PXN, on growth cone PC turnover and neurite outgrowth.
Unexpectedly, neither PC turnover, nor rate of neurite outgrowth were significantly different in S273A-PXN expressing neurons (Fig. 7B, C) . These results suggest that while paxillin phosphorylation at S273 may promote adhesion turnover and growth cone motility, phosphorylation at this site may be low under basal neurite outgrowth conditions on LN.
Next we examined how neurons expressing S273 paxillin mutants respond to partial PAK inhibition with 1 µM PAK18. Interestingly, while 1 µM PAK18 normally shortens adhesion lifetime and accelerates neurite outgrowth of wild-type neurons, we find that 1 µM PAK18 significantly increases adhesion lifetime in S273D-PXN-GFP expressing neurons and partially increases lifetime in S273A-PXN-GFP expressing neurons (Fig. 7B ). However, despite slowing adhesion turnover, PAK18 still stimulates neurite outgrowth in both S273D-and S273A-PXN-GFP expressing neurons. This unexpected result suggests that inhibition of PAK with PAK18 likely promotes neurite extension by modulating multiple downstream cellular processes that are independent of S273-paxillin phosphorylation.
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PIX-binding mutants of PAK suppress the effects of PAK18 and inhibit baseline growth cone motility
Our evidence suggests that PAK-PIX interactions have diverse affects on various cellular processes that control growth cone motility. However, PAK18 could have offtarget effects, so determining the specificity of this peptide is crucial to conclusions regarding PAK function in growth cones. To address the specific function of PAK-PIX interactions in growth cones, we generated PAK constructs with mutated PIX binding motifs ( Fig. 8A ) that prevent PIX binding in other systems (Bagrodia et al., 1998; Bisson et al., 2007; Manser et al., 1998) . We generated point mutants of xPAK2 and xPAK3, since these isoforms are most homologous to PAK18 ( Consistent with our previous results, suggesting that PAK-PIX interactions regulate growth cone motility, we find that expressing PIX binding mutants of PAK alters axon outgrowth. Interestingly, the xPAK2 and xPAK3 PIX-binding mutants have distinct effects on the basal motility of growth cones, consistent with differing roles for PAK proteins in the regulation of cell motility (Bright et al., 2009 ). Neurons expressing GFPxPAK2-PR180,181GA have faster rates of outgrowth compared to wild-type, while the xPAK3-PIX mutant had no effect on basal neurite outgrowth (Fig. 8C ). In addition, expressing the xPAK2 PIX-binding mutant blocked the stimulatory effects of PAK18, while xPAK3-PIX mutant growth cones still accelerate in response to PAK18 (Fig. 8C ).
Taken together, these results suggest that xPAK2 most strongly influences growth cone motility through its interactions with PIX.
14 Journal of Cell Science Accepted manuscript PAK and Rac1 compete for PIX binding PAK and Rac1 are known to compete for a common binding site on PIX (ten Klooster et al., 2006) , and PAK has been shown to act both downstream (Bokoch, 2003) and upstream of Rac1 activation (Obermeier et al., 1998) , suggesting that the effects of PAK18 may be Rac1 dependent. To assess the role of Rac1 in response to PAK18, we expressed dominant negative T17NRac1 (DN-Rac1) and stimulated mutant neurons with PAK18 during time lapse imaging. DN-Rac1 inhibits endogenous Rac1 by sequestering the GEFs that normally activate Rac1 (Woo and Gomez, 2006) .
Consistent with an important role for Rac1, we find that neurite outgrowth by DN-Rac1 expressing neurons is not significantly stimulated in response to PAK18, although a partial acceleration is still observed (Supp. Fig. 6B ). This result suggests that Rac1 activity is suppressed by PIX binding and that PAK18 releases active Rac1 to promote axon outgrowth. Moreover, this result is also consistent with the notion that some PAK remains active, which requires Rac1, at low levels of PAK18. To directly assess changes in Rac1 activity in response to PAK18, we used an antibody that specifically recognizes active, GTP-bound Rac1 (see Methods). Neurons were fixed after a two min treatment with 1 µM PAK18, during the time when membrane protrusion is enhanced and axon outgrowth has accelerated (Fig 2) . ICC labeling for active GTP-Rac1 shows that Rac1 labeling is increased in growth cones treated with PAK18 (Supp. Fig. 6C -E). To assess the specificity of this antibody, we repeated this experiment in neurons expressing DNRac1. We find that DN-Rac1 expressing neurons have reduced basal active Rac1 labeling relative to control neurons within the same dish (Supp. Fig 6F-H) and that Rac1 labeling is not increased by PAK18 in DN-Rac1 expressing neurons. Together these data show that PAK18 rapidly activates Rac1 in neurons, which is necessary for the outgrowth stimulating effects of this peptide.
Discussion
PAKs are multi-target serine/threonine kinases that regulate cell motility through several distinct molecular mechanisms. Here we provide the first detailed study of PAK function in developing neuronal growth cones. We show that PAK1 is weakly expressed, while PAK2 and PAK3 are highly expressed in developing spinal neurons
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Journal of Cell Science Accepted manuscript and localize to distinct regions within motile growth cones. Both PAK2 and PAK3 colocalize with the adaptor protein PIX at paxillin-containing point contacts, while only PAK2 targets to filopodial tips independent of PIX. We find that acute disruption of PAK-PIX interactions with the cell permeable peptide, PAK18, has robust, dose-dependent effects on growth cone morphology and motility. A low dose of PAK18 strongly stimulates neurite outgrowth by partially activating ADF/cofilin and inhibiting myosin-II, which promotes membrane protrusion and dynamic point contact assembly.
Alternatively, a high dose PAK18 strongly inhibits growth cone motility, likely though full activation of ADF/cofilin leading to actin filament depolymerization. Expressing specific PAK mutants in neurons confirms the specificity of the PAK18 peptide and demonstrates a role for PAK phosphorylation of S273-paxillin in the regulation of adhesion dynamics.
Lastly, our evidence suggests that Rac1 activity is controlled in part through PAK and PIX interactions in growth cones.
PAK distribution in growth cones
PAK proteins exhibit dynamic and varied distributions within growth cones. The distinct localizations of PAK isoforms may target PAK activity to specific downstream effectors. For example, xPAK2 targets to both paxillin adhesions and to the tips of extending filopodia (Fig. 1) suggesting a role in adhesion function and actin polymerization at filopodial tips. Functional evidence suggests that xPAK2 promotes filopodial extension, as low dose PAK18 stimulates filopodial production ( Fig. 2H ), possibly by displacing active PAK away from point contacts to filopodial tips. This is consistent with previous studies implicating PAK signaling in the regulation of both axonal and dendritic filopodial extension (Heckman et al., 2009; Kayser et al., 2008; Robles et al., 2005) . These results suggest that PAK2 regulates actin filament polymerization, but the relevant targets of PAK at filopodial tips remain unknown.
Alternatively, xPAK3 was restricted to point contacts, suggesting an overlapping function with xPAK2 on the regulation of adhesion dynamics (see below), but not with actin polymerization at filopodial tips. Interestingly, xPAK1 does not concentrate to either point contacts or filopodial tips, suggesting this family member is missing key targeting sequences contained in PAK2/3.
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PAK regulation of the growth cone cytoskeleton
Two of the best known downstream targets of PAK function are ADF/cofilin and myosin-II (Supp Fig. 7A ). Active PAK inhibits ADF/cofilin through LIM kinase, which phosphorylates cofilin at Serine 3 (Sarmiere and Bamburg, 2004) . Interestingly, we observe a robust stimulation of axon outgrowth after partial activation (dephosphorylation) of ADF/cofilin with 1 µM PAK18, but complete inhibition of outgrowth after strong ADF/cofilin activation with 50 µM PAK18 ( Fig. 3A-E ; Supp Fig.   7C ,F). Consistent with actin depolymerization by ADF/cofilin, we observe a corresponding loss of F-actin with increasing PAK18 concentration ( Fig. 3K-P) .
Stimulation of axon outgrowth at low PAK18 could be due to partial severing of actin filaments to generate new free barbed ends, together with increased globular actin that promotes polymerization at the leading edge (Ichetovkin et al., 2002) . PAK18 also reduces myosin-II activity ( filopodial and lamellipodial extension in growth cones when inhibited (Loudon et al., 2006) . ROCK inhibition has also been reported to potentiate both the size and motility of growth cones (Bito et al., 2000) , suggesting that partial inhibition of PAK may effect common targets to ROCK in neuronal growth cones.
PAK regulation of growth cone point contacts
One critical determinant of the speed and direction of cell motility is the assembly and dynamic turnover of substratum adhesion sites Myers et 17 Journal of Cell Science Accepted manuscript al., 2012; Wu et al., 2012) . While the role of PAK in adhesiondependent motility of non-neuronal cells has been extensively studied (Bokoch, 2003; Rosenberger and Kutsche, 2006) , almost nothing is known about PAK function in adhesion dynamics in growth cone motility and axon pathfinding. Interestingly, we find that the acute disruption of PAK-PIX interactions with PAK18 leads to dose-dependent, biphasic changes in growth cone point contact turnover that closely mirror motility (Supp. Fig. 7E ). Low PAK18 stimulates the assembly of many new point contacts that have shorter lifetimes (Fig. 6H-I ,L) and neurite outgrowth accelerates. Alternatively, high PAK18 causes point contacts to become over-stabilized and neurite outgrowth stalls (Supp Fig. 7E ). There are several possible explanations for the effects we see on adhesion turnover. At low PAK18, a partial inhibition of myosin may promote growth cone motility by accelerating adhesion turnover, as myosin activity is necessary for focal adhesion maturation (Kuo et al.; Woo and Gomez, 2006) . In addition, PAK association with PIX has been shown to stabilize adhesions in breast cancer cells (Stofega et al., 2004) , while PAK phosphorylation of PXN promotes adhesion turnover (Nayal et al., 2006) , so partial dissociation of PAK from adhesions may destabilize point contacts, but not prevent adhesion reassembly. Moreover, our data suggests that Rac1 is activated by PAK18 (Supp. Fig. 6 ), which is known to promote new adhesion formation within nascent protrusions (ten Klooster et al., 2006; Woo and Gomez, 2006) . However, the inhibitory effects of 10 µM PAK18 on adhesion turnover in wild-type cells is more difficult to explain, but is likely due to strong inhibition of PAK function (Supp. Fig. 7E ). Some PAK activity may be necessary for adhesion turnover through PXN phosphorylation at S273, so strong loss of PAK from adhesions at 10 µM PAK18 may stabilize adhesions due to lack of PAK-dependent phosphorylation of PXN (Supp. Fig. 7E ). Consistent with this notion, we find that growth cones expressing phosphomemetic S273D-PXN display increased adhesion turnover (Fig. 7B ) and faster neurite outgrowth (Fig. 7C) suggesting that rapid adhesion turnover is sufficient to potentiate outgrowth. However, while S273D-PXN expressing neurons do not exhibit increased adhesion turnover in response to PAK18, they do accelerate their rate of neurite outgrowth, suggesting that multiple independent pathways promote neurite outgrowth downstream of PAK18. The effects of non-phosphorylatable S273A-PXN on PC lifetime and neurite outgrowth in
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These results indicate that PAK18 mediated neurite outgrowth must be working independent of paxillin phosphorylation at S273 and that perhaps adhesion turnover is primarily mediated by the cytoskeletal changes triggered by PAK18. It should also be noted that we do observe modest effects of PAK18 on leading edge protrusion of growth cones on PDL (Fig 2E) , suggesting some PAK-PIX interactions occur without integrin engagement. Given the complex interplay between a number of signaling pathways, clearly the role of PAK in the control of growth cone adhesion dynamics requires further study.
PAK in axon guidance
PAK is implicated in axon guidance downstream of both attractive and repulsive cues (2001; Fan et al., 2003; Lucanic et al., 2006; Shekarabi et al., 2005) . For example,
Netrin-1 stimulates growth cone expansion through PAK1 (Shekarabi et al., 2005) and inhibition of PAK kinase activity permits axon extension over repulsive ECM molecules (Marler et al., 2005) . The distinct cellular distributions of multiple PAK family members in growth cones and numerous functional targets of PAK proteins may explain how PAK functions downstream of positive and negative guidance cues. Moreover, correct axon targeting requires both PAK kinase activity and association with the adaptor protein Nck (Ang et al., 2003; Hing et al., 1999) . The regulation of filopodial extension by PAK may also influence growth cone guidance Robles et al., 2005) . Because guidance cue receptors cluster at the tips of filopodia (Galbraith et al., 2007; Shafer et al., 2011) , they serve as important sensory extensions of growth cones (Chien et al., 1993) . By regulating filopodial protrusion, PAK may regulate the exploratory behavior of growth cones. Stimulation of filopodial extension at low PAK18 may be due to a redistribution of active PAK to filopodial tips (Fig. 2F,H) , which is consistent with our previous findings showing that PAK regulates filopodial tip elongation (Robles et al., 2005) . In a related cellular specialization, PAK1 and 3 appear pivotal in the development of dendritic spines, as over-activation of PAK1/3 increases spines (and filopodia), while PAK loss of function, or expression of mutant PAK proteins prevents spine formation and maturation (Boda et al., 2004; Zhang et al., 2005) . It is noteworthy
19
Journal of Cell Science Accepted manuscript that the signaling complex consisting of GIT1/PIX/Rac/PAK, which our evidence suggests operates to control growth cone motility, also functions in spine morphogenesis (Zhang et al., 2005) . Importantly, point mutations in brain-specific PAK family members in humans lead to abnormal spines in vivo, which is associated with non-syndromic X-linked mental retardation (MRX) (Boda et al., 2004; Raymond, 2006) .
Concluding remarks
This study is focused on understanding the integrative function of PAK on the actin cytoskeleton and paxillin based adhesions of motile growth cones. Our study demonstrates a role for PAK in cytoskeletal remodeling and adhesion dynamics, two critical regulators of axon outgrowth and pathfinding in the developing nervous system.
Mutations in genes involved in detecting and transducing axon guidance information into directed neurite outgrowth are likely responsible for many deficits in cognitive function, including autisms, dyslexias and mental retardations. By studying how fundamental proteins, such as PAK, regulate cell motility and affect the dynamic process of brain development, we hope to better understand both the normal function of these proteins and identify potential sites of therapeutic intervention. Given the strong axon outgrowth promoting effects of PAK18, modulating PAK function using cell permeable peptides may be a useful strategy to enhance axon regeneration after injury.
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Materials and methods
RT-PCR and Primers. PAK primers were designed by inserting the corresponding
Xenopus laevis genomic sequences, obtained from Xenbase (Bowes et al., 2010) Embryo injection and cell culture. Xenopus laevis embryos were obtained as described previously (Gomez et al., 2003) and staged according to Nieuwkoop and Faber (Nieuwkoop, 1994) . For direct expression experiments using constructs, two Reagents. PAK18 (EMD Bioscieces, Calbiochem, La Jolla, CA) was diluted in 1xMR
and perfused through cultures as described previously (Gomez et al., 2003) . The Immunoblotting and immunocytochemistry. Immunoblotting for PAK proteins was performed as described previously (Robles et al., 2005) . Total proteins were extracted from stage 25-26 (Nieuwkoop and Faber, 1994) explant cultures were sealed within perfusion chambers as described previously (Gomez et al., 2003) to allow rapid exchange of solutions. Images were analyzed using ImageJ software (W. Rasband, National Institutes of Health, Bethesda, MD). Point contacts were identified as discrete areas containing paxillin-GFP that were at least two times brighter than the surrounding background and remained fixed in place for a minimum of 30 s (Woo and Gomez, 2006) . Measurements of p-Cofilin and p-MLCII or Rac1-GTP intensity were made by first selecting the perimeter of growth cones from thresholded F-actin-labeled or total protein-labeled images based on intensity to exclude background using ImageJ. These user-defined regions were then used to measure the average pixel intensity of immunolabeling within non-thresholded growth
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Dynamic adhesion maps. Dynamic adhesion map images were prepared from image stacks as detailed previously . Briefly, an image stabilization algorithm was applied if necessary and to improve edge detection an unsharp mask routine was applied, followed by thresholding to highlight the puncta of interest. Next, an 8-bit binary filter was applied to equalize point contact intensities.
Image stacks were then converted to 16-bit and user-defined subsets were summed so that intensity encodes pixel life time. Final images were contrast enhanced and pseudo-colorized.
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